Abstract. Tests are reported of the possibility that local information from contour junctions and from corners of intersecting surfaces is used for perceived surface segregation. Stimuli were two intersecting squares with small disks occluding different parts of the squares. The perceived segregation of the squares from one another decreased as the amount of occlusion of parts of the squares increased. This segregation was less when disks occluded parts of contours than when disks occluded parts entirely inside the squares. Occlusion of parts of contours reduced segregation independently of whether contour junctions or corners were visible or invisible, both where the intersecting surfaces were transparent squares and when they were outlined squares. The present findings show that local information from contour junctions or from corners is not used for surface segregation, and confirm that this segregation is determined by global processes of grouping of areas and of extrapolation of contours. DOI:10.1068/p3382 (a) (b) Figure 1 . (a) Two intersecting squares and (b) dots in the positions of the single corners of these squares. The perception of two superimposed virtual squares produced by these dots suggests that single corners may be figural information used for surface segregation.
groupings of single corners. For example, in figure 1b dots represent single corners of the intersecting squares in figure 1a. These dots suffice to generate the impression of two superimposed virtual squares. Thus, contour junctions and single corners could be cues for surface segregation. In the following study, these possibilities were tested by the method of selective occlusion of parts of intersecting surfaces (Kersten 1991) . White disks were used for occlusions. Stimuli were two intersecting squares. Figure 2 shows the stimulus sets A 1^A3 , B 1^B5 , C 1^C4 , and D 1^D4 for the first experiment. In each set, stimuli are ordered by the number of occluding disks. Disks are absent from, outside of, and on end corners of stimuli A 1^A3 , respectively. Disks are completely within the nonoverlapping areas
Figure 2. Stimuli for experiment 1. White disks occlude parts of stimuli. In sets of stimuli A 1^A3 , B 1^B5 , C 1^C4 , and D 1^D4 stimuli are ordered according to the number of occluding disks.
of the intersecting squares in stimuli B 1^B4 , completely within the common area of the intersecting squares in stimuli C 1^C3 , and on contour junctions or on single corners in stimuli D 1^D4 . Stimuli A 2 , B 5 , and C 4 were used to test the effect of number of disks per se. Phenomenally, segregation of planar intersecting surfaces from one another is not an all-or-none perceptual state. Rather, it varies in distinctness or phenomenal strength. Distinctness of segregation may be quantified by the rating method (Beck et al 1991; Singh and Hoffman 1998) . Accordingly, in the following experiment, the effects of occluding disks were assessed by having subjects rate the distinctness of segregation of the squares from one another in each stimulus.
2 Experiment 1 2.1 Method 2.1.1 Subjects. Subjects were twenty-nine university students with normal or correctedto-normal vision. They participated in the experiment to fulfil a course requirement.
2.1.2 Stimuli. In a dark room, each stimulus was displayed in the middle of the frontoparallel 330 mm6250 mm 20 cd m À2 achromatic screen of an Apple display controlled by a Macintosh computer. The viewing distance was about 1 m. Figure 2 shows the experimental stimuli. Each stimulus consisted of two intersecting achromatic squares with horizontal and vertical diagonals, and with side length of 45 mm. The right vertex of the left square coincided with the centre of the right square, and the left vertex of the right square coincided with the centre of the left square. The luminances for the left and right nonoverlapping areas of the squares were 3 cd m À2 and 60 cd m À2 , respectively, and the luminance for the common area of these squares was 30 cd m À2 . Achromatic disks with a luminance of 90 cd m À2 and with a diameter of 6.5 mm were used to partially occlude stimuli. With respect to the axis of the stimulus, disks had the relative positions shown in figure 2.
Stimuli were displayed as follows. One 1 mm61 mm 17 cd m À2 red square fixation dot appeared for 1.5 s with a 0.2 s acoustic signal produced at its onset. For all stimuli, the fixation dot coincided with the centre of the stimulus. The stimulus was presented for 3 s at the offset of the fixation dot. The subsequent fixation dot appeared 1 s after the experimenter typed the subject's response. The series of stimuli shown in figure 2 was presented five times consecutively, each time with stimuli in a random order.
2.1.3 Procedure. Initially, stimulus A 1 was displayed in the middle of the screen for 60 s. Subjects were asked to observe it continuously and to report whether the intersecting squares looked superimposed. All reported that these squares alternated appearing superimposed on each other. For each stimulus, subjects were asked to focus on the fixation dot and to keep looking at the corresponding point of the stimulus after the fixation dot had disappeared. Subjects were asked to rate the distinctness of segregation of the intersecting squares from one another (independently of which square they perceived to be in front of the other) with integers from 0 to 10, with 0' defined as extremely evident coplanarity of the intersecting squares and with`10' defined as extremely evident separation in the third dimension of the intersecting squares from one another. Subjects were asked to produce each rating at the offset of the corresponding stimulus.
Results
For each stimulus, the mean, S, of the five ratings of segregation produced by each subject was used as an individual score. Figure 3 shows S for each group of stimuli shown in figure 2. Error bars delimit one standard error above and one below the corresponding S. It may be seen that mean ratings ranged between 2 and 7. This confirms that all subjects perceived intersecting squares as segregated one from another. However, this segregation was not perceived as being extremely distinct even for stimulus A 1 .
2.2.1 Stimuli A 1^A3 . S for stimulus A 1 did not differ significantly from S for stimulus A 2 (t 28 1X84) and differed significantly from S for stimulus A 3 (t 28 2X72, p 5 0X05). These results could mean that disks in stimulus A 3 reduced information from single corners and thus slightly reduced segregation. However, disks in stimulus A 3 partially occlude parts of contours and parts of the nonoverlapping areas of the intersecting squares. It could be that these occlusions reduced segregation independently of whether corners were occluded. Analysis of the following results confirms this possibility.
2.2.2 Stimuli B 1^B5 . Grand S for stimuli A 1^A2 differed significantly from grand S for stimuli B 1^B4 (t 28 4X97, p 5 0X0005). This result shows that segregation with occlusion of parts completely inside the nonoverlapping areas of the intersecting squares was lower than segregation with no occlusion of intersecting squares. A oneway analysis of variance for stimuli B 1^B4 showed that the effect of stimulus was significant (F 3 84 4X94, p 5 0X005). This result shows that segregation decreased as the amount of occlusion of parts completely inside the nonoverlapping areas of the intersecting squares increased. S for stimulus B 5 did not differ significantly from S for stimulus B 3 (t 28 1X79). Thus, segregation was affected by amount of occlusion rather than by number of disks per se. This same conclusion derives from a comparison of the S s for stimuli A 1 and A 2 .
2.2.3 Stimuli C 1^C3 . Grand S for stimuli B 1^B4 differed significantly from grand S for stimuli C 1^C3 (t 28 2X30, p 5 0X05). Thus, segregation was significantly reduced when occlusion occurred in parts completely inside the common area rather than in parts completely inside the nonoverlapping areas of the intersecting squares. A oneway analysis of variance for stimuli C 1^C3 showed that the effect of stimulus was significant (F 2 56 5X76, p 5 0X005). This result shows that segregation decreased as the amount of occlusion of parts completely inside the common area of the intersecting squares increased. S for stimulus C 3 did not differ significantly from S for stimulus B 4 (t 28 1X57), while it differed significantly from S for stimulus C 4 (t 28 2X24, p 5 0X05) indicating that occlusion of parts inside the common and nonoverlapping areas of the intersecting squares affected perceived segregation synergically. Figure 3 . Results of experiment 1. Mean rating of segregation (S) of the intersecting squares for each stimulus in each set of stimuli in figure 2. Error bars show one standard error above and one below the respective mean. The results confirm that all subjects perceived intersecting squares as segregated from one another.
2.2.4 Stimuli D 1^D4 . Grand S for stimuli C 1^C4 differed significantly from grand S for stimuli D 1^D4 (t 28 5X54, p 5 0X0005). This result could mean that the effect due to the occlusion of contour junctions or of single corners was stronger than the effect due to the occlusion of parts completely inside the areas of the intersecting squares. A one-way analysis of variance for stimuli D 1^D4 showed that the effect of stimulus was significant (F 3 84 7X95, p 5 0X005). This result could mean that segregation decreased as the number of occluded contour junctions and of occluded single corners increased. S for stimulus D 1 differed significantly from S for stimulus D 2 (t 28 2X65, p 5 0X05). This result could mean that the occlusion of contour junctions reduced segregation more than the occlusion of single corners did.
Comparison of the S for stimulus A 3 with that for stimulus D 3 shows that the perceived segregation of the intersecting squares decreased more when occluded contours pertained to the area where the squares were superimposed than when occluded contours pertained to the nonoverlapping areas of the squares.
2.2.5 Intrasubject response variability. The standard deviation of the five ratings of segregation produced by each subject for each stimulus as an individual score was used to produce a one-way analysis of variance for all stimuli; it showed that mean intrasubject standard deviations did not differ statistically from each other (F 15 420 1X45). This result indicates that the different occlusions of junctions or of corners used in experiment 1 did not differentially affect mean intrasubject response variability.
Discussion
The above results show that surface segregation decreased as the amount of occlusion of parts inside areas of the intersecting surfaces increased.
The results for stimuli D 1^D4 agree with the possibility that reduction of information from contour junctions and from single corners reduced segregation. Since this reduction was greater for stimulus D 2 than for stimulus D 1 , contour junctions appear to be more important than corners as local sources of information for surface segregation.
However, the results for stimuli D 1^D4 may be explained alternatively. It could be that the occlusion of parts of contours affects segregation even when these parts do not involve contour junctions or single corners. Occlusion of part of two contours by stimulus D 2 and occlusion of part of one contour by stimulus D 1 could explain why segregation was less in stimulus D 2 than in stimulus D 1 .
The possibility that occlusion of parts of contours reduced segregation independently of the occlusion of contour junctions or of single corners was tested in the following experiment. Segregation when contour junctions or single corners were occluded was compared with segregation when parts of contours were occluded while contour junctions or single corners were visible. To increase its robustness, the test was made with both intersecting transparent squares and intersecting outlined squares used as stimuli.
3 Experiment 2 3.1 Method 3.1.1 Subjects. Subjects were sixteen university students with normal or corrected-tonormal vision. None of them participated in experiment 1. Figure 4 shows the stimuli for experiment 2. With respect to the axis of the stimulus, disks had the relative positions shown in this figure. Presentation conditions, stimuli, and disks were the same as those used in experiment 1 except for the following changes. Let us call stimuli in figure 4a transparent stimuli and stimuli in figure 4b outlined stimuli. Transparent stimuli A 1 , A 3 , and D 1^D4 were a reproduction of the homonymous stimuli previously used for experiment 1 (figure 2). , , Transparent stimuli A H 3.1.3 Procedure. The procedure was that used in experiment 1, except that subjects preliminarily observed both the transparent stimulus A 1 and the outlined stimulus A 1 , each for 60 s, with these stimuli in one order for eight subjects and in the reverse order for the remaining subjects. All subjects reported that the intersecting squares in these stimuli alternately looked superimposed on each other.
Stimuli.
3.2 Results and discussion 3.2.1 Mean ratings. For each stimulus, the mean, S, of the five ratings of segregation produced by each subject was used as an individual score. Figure 5 shows S for transparent and for outlined stimuli (filled and unfilled circles, respectively) with no disk (stimuli A 1 ), with disks on contour junctions or on single corners (stimuli A 3 and D 1^D4 ), and with disks on the sides of intersecting squares but not on contour junctions, nor on single corners (stimuli A The results in figure 5 show that surface segregation in transparent stimuli was stronger than surface segregation in outlined stimuli. This finding is explained by the fact that perceived surface segregation depends both on luminance (Masin 2000) and on figural (Kanizsa 1955 (Kanizsa , 1979 Metelli 1985) information. For surface segregation, in transparent stimuli there was both luminance and figural information, but in outlined stimuli there was only figural information. Thus, since there was more information for surface segregation in transparent stimuli than in outlined stimuli, surface segregation was stronger in transparent stimuli than in outlined stimuli.
The difference between the S s for transparent stimuli A 1 and A 3 (t 15 2X02) and that between the S s for outlined stimuli A 1 and A 3 (t 15 0X14) were not significant. A 2 (occlusion versus visibility of junctions or corners)65 [stimulus (excluding stimulus A 1 )] analysis of variance, made separately for transparent and for outlined stimuli, showed that the effects of`stimulus' were significant (F 4 60 12X19 and F 4 60 8X66, p 5 0X0005, respectively) in agreement with the corresponding result of experiment 1, while the effects of`occlusion versus visibility of junctions or corners' (F 1 15 0X09 and F 1 15 2X25, respectively) and the interactions (F 4 60 0X24 and F 4 60 1X77, respectively) were not significant.
, ,
Stimulus Transparent stimuli
Outlined stimuli Comparison of the S for stimulus A 3 with that for stimulus D 3 (where disks occluded contour junctions and corners) confirmed that the perceived segregation of the intersecting squares decreased more when occluded contours pertained to the area where the squares were superimposed than when occluded contours pertained to the periphery of the stimulus, both for transparent stimuli (t 15 3X94, p 5 0X005) and for outlined stimuli (t 15 2X40, p 5 0X05); and comparison of the S for stimulus A H 3 with that for stimulus D H 3 (where occluding disks left contour junctions and corners visible) showed that the perceived segregation of the intersecting squares decreased more when occluded contours pertained to the area where the squares were superimposed than when occluded contours pertained to the periphery of the stimulus, both for transparent stimuli (t 15 5X50, p 5 0X0005) and for outlined stimuli (t 15 3X93, p 5 0X005).
The finding that the effect of`occlusion versus visibility of junctions or corners' and the interaction were not significantöfor transparent and for outlined stimuli ö implies that segregation was reduced because disks occluded parts of contours, rather than because disks reduced luminance information or figural information from contour junctions or from single corners.
Therefore, in stimuli D 1^D4 and D
H 1^D
H 4 , disks reduced segregation because disks occluded parts of contours, independently of the fact that this occlusion involved contour junctions or single corners.
Intrasubject response variability.
With the standard deviation of the five ratings of segregation produced by each subject for each stimulus used as an individual score, a 2 (X: transparent stimuli versus outlined stimuli)6(Y: occlusion versus visibility of junctions or corners)65 [Z: stimulus (excluding stimulus A 1 )] analysis of variance showed that the effects of factors X, Y, and Z (F 1 15 0X11, F 1 15 1X39, and F 4 60 0X70, respectively) and all interactions (X6Y: F 1 15 0X36; X6Z: F 4 60 1X47; Y6Z: F 4 60 0X29; and X6Y6Z: F 4 60 0X30) were not significant. This result confirms the corresponding result of experiment 1 and shows additionally that mean intrasubject response variability was independent of whether the stimulus pattern was transparent or outlined.
Conclusion
For intersecting transparent surfaces, the main results of this study are the following. (i) The perceived segregation of surfaces decreases as the amount of occlusion completely inside the areas of surfaces increases; (ii) it decreases more when occlusion occurs in parts completely inside the area where the surfaces are superimposed than when occlusion occurs in parts completely inside the other areas of the surfaces; (iii) and it decreases more when occlusion interrupts contours than when occlusion occurs completely inside the areas of the surfaces.
Both for intersecting transparent surfaces and for intersecting outlined surfaces, the main results of this study are the following. (iv) The perceived segregation of surfaces decreases as the amount of occlusion of contours increases; (v) it decreases more when occlusion interrupts the contours where the surfaces are superimposed than when occlusion interrupts the contours at the periphery of the stimulus; (vi) and it decreases, when contours are occluded, independently of the occlusion of contour junctions or of single corners.
Perceived surface segregation depends on global processes of perceptual organisation (Koffka 1935; Luchins and Luchins 1972 , page 187) such as grouping of areas in intersecting transparent surfaces (Morinaga 1952 ) and grouping of lines in intersecting , ,
outlined surfaces (Pastore 1971; Wertheimer 1923) , and such as extrapolation of contours in intersecting transparent surfaces (Kanizsa 1955 (Kanizsa , 1979 Metelli 1985) and in intersecting outlined surfaces (Pastore 1971; Wertheimer 1923) . Grouping occurs between modal and amodal areas but it occurs more probably when areas are only modal (Palmer et al 1996) . If it is assumed that occluding disks disrupt processes of grouping of areas and of extrapolation of contours, results (i) and (ii) confirm that surface segregation decreases as the overall amodally completed part of grouped areas increases, and results (iii) to (v) confirm that segregation depends on extrapolation of contours. Additionally, for perceived surface segregation, result (iii) shows that processes of extrapolation of contours have more weight than processes of grouping of areas, and results (ii) and (v) show that the area where the surfaces are superimposed has more weight than the nonoverlapping areas of the surfaces.
Local luminance and figural information for segregation of intersecting surfaces is available at contour junctions and at single corners. Result (vi) indicates that, for perceived surface segregation, this local information is irrelevant. (1) It may be concluded that surface segregation depends only on global processes of perceptual organisation.
